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ABSTRACT

13339

Electron density distributions are obtained from Alouette
topside soundings recorded at Stanford University, Plasma
scale height profiles are then determined, and from these pro-
files information can be deduced about relative ion concentra-
tions, electron temperature and ion temperature, Results are
obtained for dip latitudes between 48°N and 78°N, and altitudes
from 400 km to 900 km,

It is found that the lower latitude nighttime data can be
interpreted in terms of a three-constituent (O+, He+, H+)
- (He+, H") transition
occurring at about 550 km in the summer and 500 km in the winter.

diffusive equilibrium model with an (O

The variation of this transition altitude with local time and
with latitude is obtained, It is found that the transition level
rises with increasing latitude, rising above 900 km at about

62° dip latitude, The transition level is also observed to rise
very quickly at local sunrise and to descend quickly at local
sunset, The data suggest that the (ot - (He+, H+) transition

is at least as high as 1000 km during the day., Under these con-
ditions the daytime scale heights at all observed latitudes and
the nighttime scale heights at dip latitudes north of 63° can

be interpreted in terms of temperature variations in an o

14 Ak

ionosphere,



I. INTRODUCTION

It is believed that the most abundant ions in the upper

ionosphere are O+, He+’ and H+. There is little doubt that

ot is the dominant ion at least between 200 km and 500 km
(Johnson, et al.,, 1958, Taylor, et al,, 1963), At altitudes
above about 1500 km it is generally believed that HY is the
dominant ion. Recent measurements of hybrid resonances at

1,000 km by Barrington, et al, (1964) suggest comparable ratios
of H' to o' at tnis altitude, On the other hand, the re-
lative abundance of He+ in the ionosphere is not yet fully
established, Nicolet (1961) suggested that neutral helium might
be an important constituent of the upper atmosphere, King, et al
(1964) present topside sounder data recorded at Singapore in
October 1962 suggesting a nighttime of - to - He+ transition
at about 600 km, Bowen et al (1964) show midlatitude results
obtained during the summer of 1962 from the Ariel satellite, in-
dicating that, at night, He+ is a dominant ion at 800 km, with

ot and BT also present in significant quantities.

In this paper we consider a detailed analysis of topside
electron density profiles, Since the electron density distribu-
tion in the topside ionosphere varies as a function both of re-
lative ion concentration and the eiectron and ion temperature,
such an' analysis provides information about charged particle

temperatures as well as distributions,

The relationship between electron density, electron and ion
temperature and relative ion concentration can perhaps best be
described in terms of the parameter "plasma scale height," 1In
this paper we wish to define plasma scale height as the negative
reciprocal of the normalized height gradient of electron density
Symbolically, this is

e
K= - 3n_/8h (1)



where A/ is plasma scale height and n_ is electron density.
Integration of Eq. (1) yields

Z an
n (z) = nj exp[—\fo gr] (2)

which, for the special case 4/ = constant, reduces to

n (z) = n_ exp[- ,‘72-] (3)

where 2z and h are both height variables and ng is elec-
tron density at a reference height defined by h = O,

We will show that, for a statistically neutral mixture of
particles in diffusive equilibrium, plasma scale height is given
by

e
# - L] 1 (4)
T, +T;' + <m,> g/k

where Te and Ti are electron and ion temperatures respect-
ively, primes indicate derivatives with respect to height,

<mi> is the mean mass of all ions present, g is the acceler-
ation of gravity and k 1is Boltzmann's constant, Thus, using
plasma scale height profiles obtained from Alocuette topside
soundings, information can be obtained about electron temper-
ature, ion temperature and relative ion concentration in the

topside ionosphere,

It can be seen that for the case in which no height grad-
ients of temperature are present, Eq. (4) reduces to a form
which appears to be in very common usage today., As is apparent
by inspection of Egq, (4), however, if significant height grad-
ients of temperature exist, their omission will lead to serious

errors in deduced values for electron and ion temperature.



Since December 4, 1962, signals from the Alouette have
been monitored on a routine basis by the satellite receiving
station at the Radioscience Laboratory of Stanford University.
Details of the acquisition of the telemetered data by the re-
cording station are described in Thomas and Sader (1964)., The
reduction of these data to electron density [N(h)] profiles is
described by Thomas, et al (1965a,b).

The reduction of ionograms has been performed through a
joint effort of the Space Sciences Division of Ames Research
Center and Stanford Research Institute, The format of each pro-
file was that of a tabulation of values of electron density at
heights of 1000 km, 950 km, 900 km, etc., down to the level of
maximum electron density, below which no data were obtained, As
part of the same computer program, a corresponding tabulation of
scale height values at the same true heights was easily obtained
in accordance with the definition of Eq, (1). Published tables

of these data are now in press (Thomas, Rycroft and Colin, 1965),

Data were obtained for the periods May-July 1963 and Nov-
ember 1963 - January 1964 and these groups are called "summer"
and "winter" respectively, During each three-month period a
complete diurn-' <rne~trum of data was obtained, Data obtained
for local mean satellite times (LMT) between 2300 ana vauu were
considered "nighttime" data; data for the period 0800 LMT to
1700 IMT were classified as "daytime" data. We will derive Eq.
(4) and the corresponding expressions for the distributions of

number densities, after which we will examine the data in detail,

IT. _THEORY

We are here considering the theoretical distribution of ions
and electrons in the region bounded by heights of 400 km and 900
km, and dip latitudes of 48° and 78° North.



The following simplifying assumptions are appropriate:
1. The ionosphere consists entirely of neutral particles and
a statistically neutral mixture of electrons and singly charged

ions of oxygen (O+), helium (He+), and hydrogen (H+).

2. The medium is in a state of diffusive equilibrium, thus
diffusion is the dominant process controlling the distribution
of electrons and ions, and we can neglect the effect of pro-

duction, loss, and time derivatives of all quantities,

3. The ionosphere is horizontally stratified, i.e. horizontal
gradients of all quantities are much smaller than vertical grad-

ients.

4, There is no net transport velocity associated with any

species,

5. 1In any small region of space, all ions are in thermal

equilibrium among themselves,

For conditions such as these, in which there is no pro-
duction or loss, the equilibrium distribution of any species can
be obtained by forming a balance of all forces present, Fox
this case the appropriate force equation for each species is ob-

ained by balancing the pressure gradient against all other

forces, as:

vp = ngE + F (5)

where

p = nkT (6)

Here p is the partial pressure of any species of particle, T
is particle temperature, E is any electric field present, and
F accounts for all non-coulomb forces present, In the case of

a rotating earth, F is the sum of gravitational and centrifugal
forces, but for altitudes less than 1000 km, it can be easily
shown that the centrifugal force is negligible, and Eq., (5) may

be expressed as



d -—
aﬁ = ngE - nmg (7)

where h 1is a coordinate in the radial direct ion,

Combining Egs., (6) and (7), we have:

d

dh (nekTe) = T NeMe9 ~ ne|q'E (8)
for electrons, and:

4 (n.kT.) = - n.m.g + n |q|E (9)

dh it ivi i

for each ion species,

Performing the differentiation on (8) and (9), we have:

dne dTe

kT, g5 + kng g5 = - n M9 - nequE (10)
dni dTi

) D R R

KT, gp= + ko, g5~ = - n;m. g + ni!qlE (11)

Summing (1l1) over all ions, we have

d aTy
kTid—thi+kTh§ni=-Znimig+);ni

' ‘q‘E (12)
i i

since, by assumption (5), all ions have the same temperature.
Noting that n, = z n,, mi>>me for any ion, and defining mean

. . 1
ionic mass as



we can add Egs., (10) and (12) and obtain

dn
k(T + T, ) h + kne dh (T + T. ) = - ng <m£> g (13)
Solving for -ne/ne', we easily obtain Eq., (4). Integrating

Eq. (9) fromh =0 to h = z, we obtain

n. T. b4 .
_ ioTio lgqlE -mi g
ni(z) = W exp ‘;S kTi dh (14)

o

From Eq. (14) we can express the fractional proportion of any

z m.g
n,, eXp f ———-dh
n.
_ i
Pj = %n, 2 mlg
i * .n. exp j

constituent as;

(15)

where all common factors have been removed, Mean ionic mass can

now be expressed as;

n, m, exp‘: ]

<m;> = ? p;m, = . (16)
o i

From Egs, (15) and (16) we see that both p; and <mi> are

B M

P ™M

independent of electron temperature,

-6 -



III. OBSERVATIONS OF THE DATA

The Stanford station does not have a command capability and
thus can obtain data only when the sounder is commanded on by
certain nearby command stations, In addition, the sounder is
not commanded on especially for the benefit of the Stanford re-
ceiving station, The stations providing the most advantageous
commands are College, Alaska and Grand Forks, Minnesota, The
geographic location of these stations tended to concentrate most
of the data acquisition to the higher latitudes, i.e, from 48°
dip latitude to 78° dip latitude.

The height limits are set by other considerations, Consider-
ation of the data is limited to heights greater than 100 km above
the ionization maximum in order to avoid the complicating effects
of recombination, Reasonable lower limits were set at 400 km for
both summer and winter results, The upper limit in height is set
by practical problems. In the vicinity of the satellite the
virtual depth of the signal penetration increases very rapidly
with a small increase in sounding frequency., The result is that
the ionogram trace has a very steep gradient in the vicinity of
the satellite, so steep that it becomes difficult to scale vis-
ually. Paul and Wright (1964) have examined this problem and
have shown that the ionogram trace approaches an infinite grad-
ient at the satellite, thus making the records difficult to in-
terpret., The scale height profiles we have analysed have shown
the effect of this problem, being reasonably consistent up to
850 km or 900 km, and showing randomly erratic behavior above

there, thus determining our upper limit of 900 km,

In general, data acquired during the summer period were more
plentiful and of higher quality than the winter data, This was
true especially of nighttime passages, There were more passages
actually recorded in the summer period than in the winter, and
the percentage of nighttime recordings was higher in the summer

than in the winter, On many of the ionograms the plasma fre-
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quency at the vehicle could not be determined due to noise or
other effects, The net result was that the accuracy of the
winter nighttime analysis suffers to some extent from insuffic-
ient data,

Figure 1 is a plot of scale height as a function of height
at a series of latitudes obtained from a typical nighttime
passage, The data are typical for periods from 2300 to 0400 LMT
and for both summer and winter records, Each curve, or A/ pro-
file, is associated with a certain latitude and is actually an
average of all profiles occurring within 1.5 degrees of that
latitude.

Figure 2 represents data from a passage occurring June 10,
1963, from 1130 to 1250 LMT, It is typical, however, of day-
time (0800-1700 IMT) data for both summer and winter. Only two
profiles are plotted because, at least between 450 km and 850 km,
virtually all the data occurred within the narrow region indicated
by the dotted lines,

Figures 3 and 4 emphasize the difference in diurnal variation
at two different latitudes for summer and winter respectively,
Each curve is obtained by averaging the data from 15 or more pass-
ages, The daytime curves represent the average of all data re-
corded from 0800 to 1700 LMT, The nighttime curves represent the
average of all data recorded from 2300 to 0400 LMT. It can be
seen from the figure that diurnal variation is strongly dependent
on latitude,

Figures 5 and 6 illustrate the variations of daytime scale
heights with latitude for summer and winter respectively, Each
of these plots was obtained from the average of a series (15 to
20) of passages occurring between 0800 and 1700 ILMT., The summer
profiles are seen to increase slightly with latitude at all al-
titudes, while the winter profiles are nearly independent of lat-
itude at 500 km and decrease with latitude at the higher latitudes.



Figures 7 and 8 illustrate the variations of nighttime
scale heights with latitude for summer and winter respectively,
These plots were obtained by averaging the data from a series
of passages occurring between 2300 and 0400 ILMT, The latitud-

inal variation suggested by Fig, 1l is apparent here also,

Nearly all the Figs,., 1-8 show the effects of the presence
of an ionization maximum, Most of the profiles tend to increase
with decreasing altitude below about 400 km, In the latter part
of this paper it is convenient to approximate daytime plasma
scale height profiles with a straight line, 1In this case we
will limit our consideration of the data to the region above
500 km,

IV, INTERPRETATION OF RESULTS

The results of Brace, et al (1963), Evans and Loewenthal

(1964) and others suggest that midlatitude nighttime temperature‘

gradients are small., For this situation, a first order approx-
imation to Eq, (4) becomes

177\
¢¢ ~~ \17)
<m.>
1

b

since in this case

a<mi>

T>>Te + T.',

1

Figure 9 illustrates an isothermal solution to Eq, (24) corre-
sponding to the summer nighttime scale profile occurring at 48
deg, shown in Fig, 3, It can be easily verified that the dis-
tribution of Fig, 9 yields a scale height profile which agrees
with the experimental profile within 4% at any height, If we

define the transition level by the condition that P(0+) = 50%,



it may be seen that, in the vicinity of the transition level,
i,e,, 550 km, that <mi> does indeed vary quite rapidly, so
rapidly in fact that variations in scale height must be due al-
most entirely to variations in <m,>, as suggested by Eq, (26),
In addition, it may be seen that as little as 200 km below the

+

transition level, O so completely dominates the mixture, the

assumption may be made, with little error, that the only ions
present are o', Finally, consideration of experimental values
of scale height and reasonable values of temperatures indicates

that the transition must indeed be from 0T to lighter ions,

It is easily shown that a similar analysis may be performed
on the winter nighttime scale height profile at 48 deg as shown
in Fig, 4, yielding similar temperature and distribution results,
with a transition level at about 500 km,

A, VARIATIONS OF THE TRANSITION LEVEL

We have seen that the deflection of an experimental scale
height profile identifies a transition from ot to He+ and/or
+
H

can be determined to within an accuracy of, perhaps, 25 km,

ions, We have estimated that the height of this transition

It is now convenient to attempt to describe this transition level

in a different manner than previously used,

Since a transition is defined by the condition P(0oT) = 50%,
then at the transition level for any arbitrary concentrations of
H+

e
temperature gradients are not too large we can say that trans-

and H+, <mi> must lie between 8.5 amu and 10 amu, If

ition corresponds approximately to the conditions;

M(hp) ~ 164 (h ;) (18)

hT ~ 200 km + hm'

in (19)

- 10 -



a a
a-}_f#(hmin) << gg #(by) (20)

where hT is the transition level and hmin is a height below
which #/ variations are small, Obviously the application of
conditions (18), (19), and (20) requires some judgement but it

is easily verified that a plasma scale height profile in the
vicinity of a transition does satisfy these conditions and that
conversely, only a sharply deflecting plasma scale height profile
can satisfy these conditions, Finally, it can be argued that
such a deflection can arise only from an ion transition or from
unacceptably large local temperature gradients, It can thus be
reasoned that the successful application of conditions (18), (19)
and (20) to any plasma scale height profile does indeed establish
and locate a transition.

When these conditions were applied to each plasma scale
height profile for each satellite passage, and the resulting
transition height for each profile plotted against the latitude
at which it occurred, it was seen that in all cases the resulting
plot showed a monotonic increase with latitude. In Fig, 10 we
have shown the results cf drawing a smooth curve through values
of transition level which were obtained at three degree latitude
intervals by averaging the results of a series of summer passages
and a series of winter passages, These curves have also been
plotted as dashed lines in Figs, 7 and 8,

There are two other important conclusions we can draw from
the curves in Fig, 10, First, as pointed out earlier, the re-
lative ion concentration is independent of electron temperature,
The curves indicate therefore, that ion temperature increases
with increasing latitude., Second, at depths as small as 200 km
below the transition level, o7 concentration completely dom-
inates, so that at higher latitudes variations in scale height

must be due almost entirely to temperature effects,



Using the same method we can study the variation of trans-
ition level with time, Figure 11 shows a plot of transition
level as a function of time for all profiles obtained at 48% 1.5
deg dip latitude, The trend of variation of the transition level
suggested by Fig, 11 is that the level rises rather quickly at
dawn, descends quickly at sunset, and remains fairly constant
through most of the night. One should be cautious about attempt-
ing to draw quantitative conclusions from the curve since at sun-
rise and sunset, neither time derivatives nor transport velocities
are likely to be negligible, but the evidence that the transition
level is higher by day than by night is quite strong, If we
assume that the daytime transition level is at least as high as
1000 km, then the approximation can be made that the ion composi-
tion in the region below 800 km is only O+, and we can interpret
changes in daytime scale height entirely in terms of electron

temperature and ion temperature,

B. THE OT APPROXIMATION

Within the ot region, i.e.,, more than 200 km below the

transition level, we can make the approximation -that mean ionic

mass is constant at a value of 1€ amu, Scale height variations
can thus be interpreted entirely in terms of temperature var-

jations,

As a matter of convenience, then, we introduce the defin-
ition

k(T_ + T.)

H = e i

(21)
2m(oM) g

so that, upon neglecting the small variation in gravity, we can
express Eq, (4) as

AN 2 (22)

- 12 -



It may be seen from Figs, 3, 4, 5, and 6 that the daytime and
high latitude nighttime data are quite linear with height, at
least above 500 km, On this basis we approximate any such pro-
file with a straight line form; i.e,.

}V = a + bz (23)

where a and b are obtained from the data and z = 0 at
500 km, For example, the Day (48 deg) profile of Fig, 3 is
given approximately by ﬂ/ = 185 + 0,5z,

Equation (22) can now be expressed as

o o H ___ 1
H' = a + bz 2 (24)
for which a solution is
H=C(z + a/ )%'+ b/2 (z + 2/.) (25)
- b 1-b b

where C 1is an arbitrary constant,

To determine values for Te and Ti from Eg, {(28), we can
appeal to the theoretical work of Hanson (1963) and Geisler and
Bowhill (1965) and the experimental results of Evans and Loewen-
thal (1964), Following the results of these workers we assume
that Te is isothermal and that Ti increaseslwith height,
approaching T, as an upper limit such that Ti(800) = 0 and
Ti(800) = Te'

These conditions provide the boundaries needed to solve Egs,
(22) and (25) for values of Te and Ti‘ For the scale heights
shown in Figs, 5 through 8, the corresponding solutions for Te

and Ti are shown in Figs. 12 through 15 respectively,

Estimates of midlatitude nighttime temperatures were ob-

tained on the assumption that electron and ion temperatures were

- 13 -



equal and isothermal, Estimates of high latitude nighttime
temperatures are here obtained on the assumption that mean ionic
mass is independent of height, In the latitude region between
48 deg and 63 deg, however, neither assumption is likely to be
appropriate, For this reason the solutions obtained in the two
regions have been connected with smooth dashed lines as shown in
Figs, 14 and 15, where the temperatures at 48 deg are consistent
with the 48 deg nighttime profiles of Figs, 3 and 4,

A comparison of Figs, 14 and 15 shows that for both summer
and winter nighttime conditions, temperatures appear to increase
with increasing latitude, reaching a maximum at between 65 deg
and 70 deg latitude, although summer temperatures appear to be
a bit higher, The apparent trough in the winter temperatures
may not be genuine, The winter data in this region was rather
sparse, and it is entirely possible that the indication of an-
other temperature increase north of 72 deg might be caused by

an increasing ratio of lighter ions to o7 ions in this region,

A downward flux of energetic particles from sources such as
the solar wind or the van Allen Belts might account for this,
although it seems that particles depositing appreciable energy
at these altitudes would have to be of fairly low energy. Thus
far, the measurement of energetic particle fluxes appears to
have been limited to particles with energies greater than about

40 kev,

From purely geometric considerations, the region above about
65 deg latitude is sunlit nearly all night during the summer
period, The summer night high latitude temperatures are thus
likely to be the result of both solar flux and whatever heating
mechanism is producing the winter conditions, Such an assump-
tion would explain both the higher temperatures during the
summer, and also the fact that the temperature peaks occur at

about 5 deg higher latitude in the summer than in the winter,

- 14 -



V. CONCLUSIONS

Under the assumption that the topside ionosphere is in a
state of diffusive equilibrium, the measured parameter scale
height bears a simple relationship to the electron temperature,
ion temperature and relative ion concentration,

A midlatitude nighttime transition from ot ions to
e+’
in the summer and 500 km in the winter, The accuracy of this

lighter (i.,e,, H H+) ions is shown to exist at about 550 km
determination is estimated to be 125 km, The transition is
shown to be characteristically narrow, such that, as little as
200 km below the transition, it is a reasonable approximation
that the only ions present are ot. Using this approximation,
the daytime and the high latitude nighttime scale height var-

iations are interpreted in terms of temperature variations,

Daytime temperatures for both summer and winter are ob-
served to vary only slightly with latitude, while the more pro-
nounced height variations are seen to agree reasonably well
with the theoretical results of Hanson (1963) and Geisler and
Bowhill (1965),

Nighttime temperatures for both summer and winter show a
much greater latitudinal effect, with both a fairly sharp peak
and a pronounced upward gradient at about 65-70 deg dip lat-
itude, suggesting a significant source of heat energy in this
region,
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Fig,

Fig,
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FIGURE CAPTIONS

Experimental results from a typical nighttime passage
showing scale height [#A(h)] profiles at a series of
dip latitudes, and illustrating the variation of the
profiles with latitude, Data obtained from Passage
No. 3346, 0200-0330 LMT, June 1, 1963,

Experimental results from a typical daytime passage
showing scale height [#4{h)] profiles at two widely
separated dip latitudes, and illustrating the con-
sistency of the daytime results, All the data for
the entire passage, if plotted, would lie.between the
dotted lines, Data obtained from Passage No, 3474,
1140-1250 LMT, June 10, 1963,

Comparison of daytime and nighttime scale height
[#(h)] profiles at two widely spaced dip latitudes
showing the contrast at the lower latitudes and the
similarity at the high latitudes, Each curve repre-
sents the average of data from at least 15 passages
occurring May - July 1963,

Comparison of daytime and nighttime scale height %}(h)
profiles at two widely spaced dip latitudes showing
the contrast at the lower latitudes and the similarity
at the high latitudes, Each curve represents the
average of data from at least 15 passages occurring
November 1963 - January 1964,

Summer daytime scale height as a function of dip lat-
itude at several altitudes, Each curve represents the
average of data obtained from at least 15 passages
occurring between 0800 and 1700 LMT, May - July 1963,

Winter daytime scale height as a function of dip lat-
itude at several altitudes, Each curve represents

the average of data obtained from at least 15 passages
occurring between 0800 and 1700 LMT, November 1963 -
January 1964,

Summer nighttime scale height as a function of dip lat-
itude at a series of altitudes, Each curve represents
the average of data obtained from at least 15 passages
occurring between 2300 and 0400 ILMT, The dotted line
represents the transition level (ot - He+, Ht), May -
July 1963,
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Fig, 8. Winter nighttime scale height as a function of dip
latitude at a series of altitudes, Each curve repre-
sents the average of data obtained from at least 15
passages occurring between 2300 and 0400 LMT, The
dotted line represents the transition level (ot -m ¥,
HY) . November 1963 - January 1964, €

Fig, 9, Percentage compositions of O+, H +, and H' as
functions of height for an ionosphgre in which
Tg = T; = 928°K and percentage concentrations at
580 km are specified as % (0*) = 50%, % (He+) = 32%,
% (HT) = 18%,

Fig, 10, Nighttime transition level as a function of latitude
for summer (May - July 1963) and winter (November 1963 -
January 1964), Transition level is defined as the
height at which the percentage concentration of O
is 50%, Each curve is obtained from the average data
from at least 15 passages occurring between 2300 LMT
and 0400 1IMT;

Fig, 11, Transition level at 48 deg dip latitude as a function
of time for summer (May - July 1963) and winter (Nov-
ember 1963 - January 1964), Transition level is de-
fined as tge height at which the percentage concentra-
tion of O is 50%. The dotted portions of the curves
represent incomplete data,

Fig, 12, Electron and ion temperatures as functions of dip
latitude for daytime summer (May - July 1963), Elec-
tron temperature is assumed everywhere independent of
height and is represented by the 800 km curve, Ion
temperatures are shown at four heights and Te = Ti
at 800 km,

Fig, 13, Electron and ion temperatures as functions of dip
latitude for daytime winter (November 1963 - January
1964), Electron temperature is assumed everywhere
independent of height and is represented by the 800
km curve; ion temperatures are shown at four heights
and Te = Ti at 800 km,

Fig, 14, Electron and ion temperatures as functions of dip
latitude for nighttime summer (May - July 1963),
Electron temperature is assumed everywhere independent
of height and is represented by the 800 km curve, Ion
temperatures are shown at four heights and T = Ti
at 800 km, Below 63 deg dip latitude, temperatures
are represented approximately by the dotted extensions
to the curves,
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Flg. 15, Electron and ion temperatures as functions of dip

latitude for nighttime winter (November 1963 - Jan-
uary 1964), Electron temperature is assumed every-
where independent of height and is represented by the
800 km curve, Ion temperatures are shown at three
heights and T T. at 800 km, Below the 63 deg
dip latitude, %emperatures are represented approx-
imately by the dotted extensions to the curves,
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